Objective: To assess the application and safety of transoral robotic surgery in the pediatric airway.
Conclusions:
Surgical robots provide the ability to manipulate instruments at their distal end with great precision, increased freedom of movement, and excellent 3-dimensional depth perception. The size of the equipment can be a limiting factor with regard to the application and success of the transoral approach to airway surgery. We believe that further advances in device technology and a new generation of robotic equipment will facilitate the incorporation of surgical robotics in the advancement of minimally invasive endoscopic airway surgery. Surg. 2007; 133: [46] [47] [48] [49] [50] T HE DESIRE TO MOVE TOward minimally invasive surgery and procedures with less morbidity has been the driving force behind the development and application of robotic surgery. Over the past decades, robotic surgical systems have been used in laparoscopic, thoracoscopic, cardiac, and urologic surgical procedures. [1] [2] [3] [4] Despite these recent advances, the introduction of surgical robotics to the practice of otolaryngology is still limited by anatomic constraints, especially in pediatric patients. The objective of this study was to evaluate the application, efficacy, and safety of the da Vinci Surgical Robot (Intuitive Surgical Inc, Sunnyvale, Calif) in the pediatric airway.
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METHODS
After review and approval by the Children's Hospital Boston Department of Clinical Investigation, we obtained 4 pediatric cadaver larynxes for study purposes in the laboratory setting. The da Vinci Surgical Robot was assessed for the dexterity, precision, and depth perception it provided the surgeon during laryngeal surgery. Different combinations of laryngoscopes, endoscopes, and microinstruments were used to identify the best setup for robot-assisted airway operation. Both 8-mm, 2-dimensional and 12-mm, 3-dimensional endoscopes of 0°and 30°w ere used to assess the impact on exposure. Also, 5-mm and 8-mm microinstruments were used to determine the degree of range of motion.
The cadaveric larynxes were fixed to a laryngeal holder (Figure 1) . The da Vinci system was set up in a fashion similar to that used in the operating room. Procedures were documented with still and video photography. Application of the da Vinci Surgical Robot was attempted in 5 patients (2 boys and 3 girls) undergoing endoscopic repair of laryngeal cleft between 2003 and 2006. The mean patient age was 5 years (age range, 1-14 years). Three patients had a type 1 laryngeal cleft, and 2 patients had a type 2 cleft. All 5 patients had a history of multiple pneumonias, documented aspiration on swallow study, and failed conservative monitoring.
An essential component of this procedure is the ability of the surgeon to have an unobstructed view of the larynx. Conventional anesthetic airway management does not provide ideal surgical conditions because the presence of an endotracheal tube impedes the view and restricts access to the surgical site. For this reason, we used a technique of spontaneous ventilation without an artificial airway. Anesthetic induction was achieved by either inhalation of sevoflurane in oxygen and nitrous oxide or intravenous administration of propofol. Spontaneous ventilation was maintained, and an infusion of propofol and remifentanil was used to maintain unconsciousness. The vocal cords and surgical site were sprayed with 4% lidocaine to provide the analgesic component of the anesthetic. To use this technique safely, the anesthesiologist must have full view of the vocal cords on a video monitor at all times and be listening to the breath sounds with a precordial stethoscope in addition to monitoring the physiologic parameters.
RESULTS
Robotic surgery on cadaver larynxes allowed the surgeon great dexterity and precision, delicate tissue handling, good 3-dimensional depth perception, and relatively easy endolaryngeal suturing. In the laboratory setting, we did not see any major difference between 0°and 30°with regard to access. Trial of the 8-mm, 2-dimensional endoscope and the 12-mm, 3-dimensional endoscope provided similar instrument excursion. However, with the 8-mm, 2-dimensional endoscope, depth perception was lost. Trial of suturing within the endolarynx was successful using 5-0 and 6-0 Vicryl sutures (Ethicon Inc, Somerville, NJ).
Robotic surgery for repair of laryngeal cleft could not be performed in 3 patients owing to limited transoral access. One patient with a type 1 laryngeal cleft and 1 patient with type 2 laryngeal cleft underwent transoral robotic repair with good success. Initial setup of the surgical suite for robotic equipment was achieved in 40 minutes. All procedures were performed using suspension microlaryngoscopy under general anesthesia with spontaneous breathing. The carbon dioxide laser was set at 3 W and 0.3-second intermittent mode to denude the mucosal margin of the cleft. In the initial attempts, suspension was achieved using a Lindholm laryngoscope under spontaneous general anesthesia. The endoscope was passed through the lumen of the laryngoscope, and both robotic arms were passed through the oral cavity along the sides of the laryngoscope. The exposure was adequate for the supraglottis and glottis with both 0°and 30°endoscopes. Owing to the narrow confines of the oropharynx, we were unable to maneuver the instruments and had a very limited freedom of motion with both the 5-mm and 8-mm instruments.
Although suspension with the Lindholm laryngoscope provided the best direct access, we were not able to maneuver the instruments in any patients owing to limited space (Figure 2) . Suspension with a Crowe-Davis mouth gag provided adequate exposure and more space to maneuver the robotic arms (Figure 3) . The entire hypopharynx and su- praglottis could be visualized using a 0°endoscope; however, the 30°endoscope was far superior for exposure of the glottis. We achieved adequate exposure to place sutures for closure of laryngeal cleft (Figure 4 ) in 2 patients. The ability to move the endoscope further or closer from the area being sutured allowed for excellent magnification on closeup view. The application of robotic equipment prolonged the procedure by an average of 40 minutes compared with the routine endoscopic approach.
COMMENT
In the 1980s, robotic technology advanced when researchers at NASA (the National Aeronautics and Space Administration) proposed the idea of a surgeoncontrolled robotic handpiece as an extension of NASAdeveloped virtual reality technology. 5 The US Department of Defense became interested in the potential application of this technology to the battlefield that would allow a surgeon to operate on a wounded soldier from a remote location. This technology has shown its greatest growth in commercial systems, with the emphasis on advancement of minimally invasive procedures.
Using robotic technology first developed by Computer Motion Inc (Goleta, Calif ), miniaturized robots, coupled with improvement of 3-dimensional optic technology, have prepared the way for applications of surgical robotic technology. The use of robot-assisted equipment can provide surgeons with improved dexterity and precision coupled with advanced imaging techniques with 3-dimensional depth perception. It can also provide a means to overcome surgical limitations such as site obstruction and a limited operative field.
Surgical robots may be active, semiactive, or passive. An active robot is programmed to perform an entire procedure without any input from the surgeon. A semiactive robot requires input from the surgeon to carry out powered directed activity. A passive robot is completely controlled by the surgeon. Telerobotic surgery is based on technology that allows a surgeon to operate from a remote console with a virtual 3-dimensional vision system. 6 This technology received extensive publicity when a laparoscopic cholecystectomy was performed on a patient in Strasbourg, France, by a surgeon seated 3800 miles away in New York, NY. 7 Robotic equipment offers several advantages. First, surgical robots provide 3-dimensional endoscopic vision, which gives the surgeon true depth perception. Second, surgical robots provide increased freedom of movement of microendoscopic instruments, including simulated flexion, extension, pronation, and supination of instruments at their distal tip. 8, 9 Third, robotic equipment allows for scaling of movement, translating large movements of the hands into small movements of the instruments, thus filtering tremor. 9 The da Vinci system is the first surgical robot to be approved by the US Food and Drug Administration for general laparoscopic surgery. It is composed of 3 components: a surgeon's console (Figure 5) , a surgical cart ( Figure 6) , and a vision cart (Figure 7) . The surgeon's console displays a superb 3-dimensional view by having a separate monitor for the left and right eye views. At the console, the surgeon controls the instrument arms and camera by maneuvering the master robotic manipulators. The surgical cart is equipped with a robotic manipulator and 3 mounted arms: 1 arm holds the camera, and the other 2 hold either 5-mm or 8-mm instruments. The vision cart is equipped with 2 three-chip cameras mounted within 1 integrated 12-mm stereoscopic endoscope. 10, 11 The arms of the EndoWrist instruments (Intuitive Surgical Inc) have a total of 7 degrees of freedom, including pitch, yaw, roll, 2 degrees in the wrist, and 2 for tool actuation. [12] [13] [14] Use of robotic-assisted surgery has been reported for cholecystectomy, Nissen fundoplication, prostatectomy, splenectomy, and closure of patent ductus arteriosus in the pediatric population. 15 The application of robotic-assisted excision of a vallecular cyst has also been reported in an adult patient. 16 The robotic equipment is designed to provide 3 widely spaced ports of entry into the thorax or abdomen. The primary hurdle to the application of the da Vinci Surgical Robot is the means of introducing large robotic arms into the single funnel created by the mouth. Also, most laryngoscopes are closed tubes, which further limits endoscope movements. We encountered several challenges in the use of robotic equipment for airway surgery: (1) obtaining a safe, adequate means to administer airway anesthesia; (2) obtaining proper exposure of the larynx to perform the surgery; (3) the need to introduce the robotic arms into a single port of entry (oral cavity or pharynx) and overcome limitation of movement; and (4) the lack of availability of suction instruments.
However, robot-assisted surgery has certain advantages over conventional endoscopic surgery: (1) improved optics, with 3-dimensional visualization; (2) tremor filtration; and (3) increased freedom of instrument movement, which allows for delicate handling of tissues and increased surgical precision. Based on our work, it seems that the best exposure and range of motion could be accomplished with suspension using the Crowe-Davis mouth gag combined with the 3-dimensional, 30°endoscope and the 5-mm instruments for work at the glottic level. We tried a flexible suction catheter in the surgical field, which could be used by the robotically controlled instruments. The development of instruments with integrated suction could also alleviate this problem. We also found endolaryngeal suturing to be relatively easy with robotic equipment, once the adequate exposure was achieved. Also, it seems that there is potential for much more gentle handling of tissues owing to filtration of tremor. We believe that the development of smaller instruments and further advances and modifications in device technology will facilitate the incorporation of robotic equipment into otolaryngology. Medical School, 300 Longwood Ave, Boston, MA 02115 (reza.rahbar@childrens.harvard.edu). Author Contributions: Dr Rahbar had full access to all the data in the study and takes responsibility for the integrity of the data and the accuracy of the data analysis. 
Invited Commentary
R obotic surgery has found its way into numerous specialties and in some cases has become the procedure of choice. Robotic surgical procedures of the prostate, heart, and abdominal organs are examples of the clinical application of this technology. Applications in otolaryngology-head and neck surgery have been slow to develop because (1) access has always been readily gained through body orifices and (2) the skin in the head and neck region heals superbly well. However, the growing potential for otolaryngologists to use surgical robots to perform delicate operations with fine motor control and minimal tremor is creating a greater demand for their use, particularly for procedures involving small structures.
Rahbar and associates report an application in the pediatric airway after initial assessment in cadaveric specimens. Endoscopic repair of laryngeal clefts has been reported by Benjamin and Inglis 1 for types 1 and 2 clefts. 2 Recently, Sandu and Monnier 3 reported a small series of endoscopically managed extended laryngotracheal clefts (type 3 or greater). In the present study, Rahbar and associates attempted robot-assisted endoscopic repair of laryngeal clefts in 5 patients, 3 with type 1 and 2 with type 2 clefts. This approach needed to be abandoned in 3 patients owing to a number of obstacles, the most significant being inadequate transoral access for the robotic instruments.
The da Vinci Surgical Robot (Intuitive Surgical Inc, Sunnyvale, Calif ) is presently the only device of its kind approved by the US Food and Drug Administration, but robots will soon be made smaller and technically more sophisticated. They will be integrated into systems that include preoperative imaging devices, simulators on which the procedure can be rehearsed, and navigation devices to help guide the robots during the procedure. This integrated network will also include telecommunication components so that it can be used over great distances. The surgeons guiding the robots will be true experts, wherever they are in the world, without the need to be in proximity to the patient. Because of the obvious military applications of this feature for wounded personnel, the US Department of Defense has supported research in this area. The potential to improve patient safety is apparent and has gained the interest of surgical specialty societies and boards worldwide.
The level of sophistication and range of applications of robotic surgery will soon be expanded. Rahbar et al describe a novel application to pediatric laryngology, and they should be commended for their approach. We look forward to more such communications and the excitement generated by such advances in the clinical application of robotic technology.
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